The global production of the greenhouse gas methane by methanogenic archaea reaches 1 billion tons per annum. The final reaction releasing methane is catalyzed by the enzyme methyl-coenzyme M reductase. The crystal structure of methyl-coenzyme M reductase from Methanobacterium thermoautotrophicum revealed the presence of five modified amino acids within the ␣-subunit and near the active site region. Four of these modifications were C-, N-, and S-methylations, two of which, 2-(S)-methylglutamine and 5-(S)-methylarginine, have never been encountered before. We have now confirmed these modifications by mass spectrometry of chymotryptic peptides. With methyl-coenzyme M reductase purified from cells grown in the presence of L-[methyl-D 3 ]methionine, it was shown that the methyl groups of the modified amino acids are derived from the methyl group of methionine rather than from methyl-coenzyme M, an intermediate in methane formation. The D 3 labeling pattern was found to be qualitatively and quantitatively the same as in the two methyl groups of the methanogenic coenzyme F 430 , which are known to be introduced via S-adenosylmethionine. From the results, it is concluded that the methyl groups of the modified amino acids in methyl-coenzyme M reductase are biosynthetically introduced by an S-adenosylmethioninedependent post-translational modification. A mechanism for the methylation of glutamine at C-2 and of arginine at C-5 is discussed.
Methyl-coenzyme M reductase catalyzes the final reaction step in the formation of methane by methanogenic archaea. It is a 300-kDa protein composed of three different subunits in an ␣ 2 ␤ 2 ␥ 2 arrangement and contains per mol 2 mol of the nickel porphinoid coenzyme F 430 as prosthetic group (1, 2) . The crystal structure of the enzyme from Methanobacterium thermoautotrophicum has recently been solved at 1.45-Å resolution (3) . The electron density map suggested the presence of five modified amino acids in the ␣ subunits either at or very near the active site region: 1-N-methylhistidine ␣257 (3-methylhistidine according to IUPAC nomenclature), 5-(S)-methylarginine ␣271, 2-(S)-methylglutamine ␣400, S-methylcysteine ␣452, and thioglycine ␣445, forming a thiopeptide bond (Fig. 1) . Thioglycine has been proposed to function as a one-electron relay in the catalytic mechanism (2) . Methylation of histidine ␣257, which is involved in substrate binding, probably influences the substrate affinity of the enzyme (3) . For the methylation of the three other amino acids, an accidental methylation via methylcoenzyme M-derived methyl radicals has been envisaged. We have now ruled out this possibility by showing that the methyl group of all four methylated amino acids is derived from the methyl group of methionine, most likely via S-adenosylmethionine (SAM). 1 Our experiments are based on the previous finding that methionine is taken up from the medium by growing M. thermoautotrophicum and that the methionine taken up is used for protein synthesis and in SAM-dependent methylation reactions rather than in methyl-coenzyme M-dependent methane synthesis (4) . The results reported here were obtained from labeling experiments with L-[methyl-D 3 ]methionine. It has been shown recently that stable heavy isotope labels can be followed by mass spectrometry down to the level of purified peptides and that it is possible to evaluate the spectra thus obtained quantitatively (5) . 3 ]Methionine (purity Ͼ99%) was purchased from ICN Biomedicals, and L-[methyl- 14 C]methionine (0.1 mCi/ml; 54 mCi/mmol) was from Moravek Biochemicals. Tosyl-L-lysine-chloromethylketone-treated chymotrypsin (EC 3.4.21.1) was from Roche Molecular Biochemicals. Methyl-coenzyme M reductase was purified from Methanobacterium thermoautotrophicum strain Marburg as described earlier (6) . The methanogenic archaeon was cultivated at 65°C on standard medium (7) or on standard medium supplemented with either 2.5 mM L-[methyl-D 3 ]methionine or 2.5 mM [methyl- 14 C]methionine (10,000 dpm/ml) (4) .
EXPERIMENTAL PROCEDURES

Materials-L-[methyl-D
Separation of Enzyme Subunits and Coenzyme F 430 -Methyl-coenzyme M reductase (2.5 nmol ϭ 0.75 mg) was applied on a Supelcosil-LC3DP (5 m, 300 Å) column (4.6 ϫ 250 mm) equilibrated with water. The column was developed within 20 min using a linear gradient of 0 -84% (v/v) acetonitrile plus 0.1% (v/v) trifluoroacetic acid (1 ml/min). Elution of coenzyme F 430 and of the enzyme subunits was monitored at 280 nm (Fig. 2) , and fractions were collected manually.
Chymotryptic Digest of the ␣-Subunit-Pooled HPLC fractions containing the ␣-subunit (approximately 0.5 mg) were dried by vacuum centrifugation, and the protein was redissolved in 125 l of 8 M guanidine hydrochloride, pH 7.0. The solution was diluted with 50 mM ammonium acetate, pH 8.5, containing 2 mM calcium chloride to final concentrations of 1 M guanidine hydrochloride. Subsequently, chymotrypsin (2 g) was added, and digestion was allowed to proceed for 14 h at 32°C. The reaction was quenched by the addition of 50 l of glacial acetic acid, and the sample was dried by vacuum centrifugation.
Reductive Carboxymethylation of Chymotryptic Peptides-Where indicated, after chymotryptic digest, dithiothreitol was added, yielding a final concentration of 10 mM. The sample was then incubated at 50°C for 1 h. After cooling to ambient temperature, ammonium iodoacetate (final concentration 30 mM) was added, and the sample was incubated at ambient temperature in the dark for 30 min. Then 50 l of glacial acid was added, and the sample was dried by vacuum centrifugation.
Purification of Peptides-The dry pellet was dissolved in 0.3 ml of 0.2% (v/v) trifluoroacetic acid and applied on a Supelcosil-LC318 (5 m, 300 Å) column (4.6 ϫ 250 mm) equilibrated with 0.1% (v/v) trifluoroacetic acid. The column was developed by a linear gradient of 0 -42% (v/v) acetonitrile (1 ml/min) within 42 min, and the elution of peptides was monitored at 215 nm. The peptides were collected, and acetonitrile was removed by vacuum centrifugation. Subsequently, the molecular masses of the peptides were determined (see below). The peptides predicted from their mass to contain the modified amino acids were then reapplied to the Supelcosil column equilibrated with 0.1% (v/v) hexafluoroacetone (adjusted with ammonia to pH 6.0), and the peptides were eluted as described above.
Matrix-assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry (MALDI-TOF-MS)-From
HPLC fractions acetonitrile was removed by vacuum centrifugation. Coenzyme F 430 solutions (ϳ2.5 M, 1 l) and peptide samples (ϳ1 M, 1 l) were applied on a thin layer of indole-2-carboxylic acid and air-dried. The mass spectra were collected in the reflector positive ion mode. Late eluting hydrophobic peptides were additionally measured using a 1:1 dilution of the sample with saturated sinapic acid in 0.1% (v/v) trifluoroacetic acid, 67% (v/v) acetonitrile. For each spectrum, at least 100 single shots were summed. The spectra were determined with a Voyager DE RP from PE Biosystems.
Ladder Sequencing of 2-(S)-Methylglutamine-containing PeptideThe dry peptide (ϳ30 pmol) was dissolved in 30 l of 50% (v/v) pyridine, 10% (v/v) triethylamine, 40% (v/v) water under N 2 atmosphere. Subsequently, an aliquot of 3 l was supplemented with 1 l of 10% (v/v) ethyldithioacetate in hexafluoroisopropyl alcohol (coupling reagent) and incubated for 10 min at 60°C. Under these conditions, the Nterminal amino acid of the peptide was thioacetylated. The sample was then dried by vacuum centrifugation, redissolved in 5 l of anhydrous trifluoroacetic acid (cleavage reagent), and incubated for 10 min at 60°C. Under these conditions, the thioacetylated N-terminal amino acid was cleaved off as methylthioazolinone. The coupling and cleavage steps were repeated five times, with 3 l of the peptide solution being added in each cycle. Finally, 3 l of peptide solution and 1 l of coupling reagent were added and allowed to react. After drying, 2 l of a saturated solution of ␣-cyanohydroxycinnamic acid in 67% (v/v) acetonitrile plus 0.1% (v/v) trifluoroacetic acid was added, and the peptide ladder was determined by MALDI-TOF-MS. The method described is based on that by Gu and Prestwich (8) using the reagents introduced by Doolittle et al. (9) . where a ϭ 1 Ϫ b, b represents the methyl-D 3 -labeled fraction of the total methyl content of the sample, and n is the number of possible labeling sites. Solved for different numbers of methyl groups, the following holds true.
Within these formulas, a 2 represents the unlabeled fraction (CH 3 /CH 3 ) of the distribution, 2ab represents the partially labeled fraction (CH 3 / CD 3 and CD 3 /CH 3 ), and b 2 represents the CD 3 /CD 3 fraction of the composite spectrum. Hence, each term in the expression relates the contribution of a particular labeled species to the overall distribution. Since the mass difference between CH 3 and CD 3 is 3, the spectrum is shifted by 3 on the m/z axis per labeled methyl group. The spectra were transformed into stick spectra separated by 1 Da, and the calculated relative intensities were fitted to simulated spectra, minimizing the least square deviation between the relative intensities of measured and simulated spectra. The evaluations were performed using the "Solver" facilities provided by Excel 97. Experimental errors for the methyl-D 3 content of samples correspond to fits in which the summed 2 of the fit doubles (5).
RESULTS
To determine the origin of the methyl groups in the four methylated amino acids in methyl-coenzyme M reductase, M. thermoautotrophicum was grown on H 2 and 12 CO 2 in standard medium and in standard medium supplemented with 2.5 mM L-[methyl-D 3 ]methionine. From the cells thus obtained, methylcoenzyme M reductase was isolated and separated into its three subunits and its prosthetic group coenzyme F 430 by HPLC (Fig. 2) . Subsequently, the ␣-subunit, which harbors the five modified amino acids, was subjected to proteolysis with chymotrypsin, and the resulting peptides were separated by HPLC (data not shown) and analyzed by MALDI-TOF-MS. Coenzyme F 430 (Fig. 3) , which is known to contain two methyl groups derived from S-adenosylmethionine (4), was analyzed as a control.
In a parallel experiment, M. thermoautotrophicum was grown on H 2 and 12 CO 2 in standard medium supplemented with 2.5 mM L-[methyl-
14 C]methionine (10,000 dpm/ml). The radioactivity per ml of culture (cells plus medium) was found to remain constant. During growth of a 1-liter culture to an A 578 of 4 (1.6 g dry mass of cells/liter), approximately 1 mol of methane was formed (Y CH4 ϭ 1.6 g/mol) (7), and 0.25 mmol of L-[methyl- 14 C]methionine was incorporated into cellular matter (4). These findings indicate that the methyl group of L-[methyl- 14 C]methionine was not converted to methane under the experimental conditions.
Coenzyme F 430 Analysis-The mass spectrum obtained for coenzyme F 430 showed clearly resolved single isotopic signals, which were due to the natural abundance of heavy isotopes (Fig. 4A) . The integrated spectra have been aligned to a simulated spectrum for coenzyme F 430 with an experimental error of less than 4% (Fig. 4A) . In contrast, the isotopic distribution for the factor F 430 purified from methyl-coenzyme M reductase from cells grown on [methyl-D 3 ]methionine-containing medium was clearly shifted (Fig.  4B) . The monoisotopic peak (m/z ϭ 906.2 Da) was small, and distinct distributions for methyl-D 3 -labeled species were seen, yielding a composite spectrum characterized by mass increments of 3 Da. Using a least square fit procedure to simulate the spectrum, a methyl-D 3 content of 83 Ϯ 3% was determined with relative abundances for the CH 3 ,CH 3 , CH 3 ,CD 3 , and CD 3 ,CD 3 species of 4, 43, and 100%, respectively. These results confirm previous findings that at a methionine concentration of 2.5 mM in the growth medium approximately 80% of the methionine in growing M. thermoautotrophicum is supplied by methionine uptake and only approximately 20% by biosynthesis from CO 2 (4) .
Peptide Analysis-Three peptides were found that contained one of the modified amino acids and one peptide that contained two of the modified amino acids (Table I) . They were identified by their monoisotopic mass, which was identical (deviation Ͻ500 ppm) to that calculated for the chymotryptic peptides containing the modified amino acids. The peptides were also identified by their N-terminal amino acid sequence determined via Edman degradation or a ladder sequencing approach. With the exception of thioglycine ␣445 and S-methylcysteine ␣452, which were present in a single peptide, the modified amino acids were recognized by the unusual retention behavior of their phenylthiohydantoin-derivatives (peptides A, B, and D, Table I ). In methyl-coenzyme M reductase derived from cells grown in the presence of L-[methyl-D 3 ]methionine, the four chymotryptic peptides containing the methylated amino acids were labeled with methyl-D 3 groups as evidenced by the shift in mass of 3 Da (peptides B, C, and D) and 6 Da (peptide A, Table  I ). The four methyl-D 3 -labeled peptides exhibited mass spectra with clearly resolved isotope signals (Fig. 5) .
The peptide containing 1-N-methylhistidine ␣257 showed a clearly widened and shifted isotopic distribution, with the most intense signal at 1448.1 Da (Fig. 5A) . Single distributions starting at 1442.1, 1445.1, and 1448.1 Da, respectively, indicated the presence of two methyl groups derived from [methyl-D 3 ]methionine within the peptide. These findings are consistent with the presence of one methyl-D 3 group in methionine ␣263 and one in 1-N-methylhistidine ␣257. The location of the methyl groups was confirmed by MALDI postsource decay analysis. By these measurements, almost complete a and b series for residues 4 -10 of the tridecameric peptide were obtained, which demonstrated the location of the labeled methyl groups in the predicted positions (not shown). The isotopic distribution with relative intensities of 4, 41, and 100% of the particular distributions were used to simulate a spectrum containing 83 Ϯ 3% methyl-D 3 groups.
The molecular mass of the heptadecameric peptide harboring 5-(S)-methylarginine ␣271 was shifted by 3 Da to 1868.4 Da (Fig. 5B) . The relative intensities of 20 and 100% for the single distributions of the nonlabeled and labeled species, respectively, were indicative of the presence of one methyl-D 3 group, as predicted from the amino acid sequence ( Table I ). The methyl-D 3 content of the peptide was 84 Ϯ 3%.
The nonadecameric peptide carrying 2-(S)-methylglutamine ␣400 was observed initially only in very poor yields. When the chymotryptic peptides were reduced by dithiothreitol and then S-carboxymethylated by iodoacetic acid prior to HPLC, the yield for this peptide increased significantly. The carboxymethylation of cysteine ␣411 increased the molecular mass observed for the peptide by 58 Da. If this additional modification is considered, the mass observed for the peptide derived from deuterated enzyme (1770.8 Da) is in agreement with a single methyl-D 3 group in the peptide (Fig. 5C ). The relative intensities of 21 and 100, for the nonlabeled and the labeled species, respectively, were used to calculate a methyl-D 3 content of 83 Ϯ 3%.
For the pentadecameric peptide harboring thioglycine ␣445 and S-methylcysteine ␣452, a molecular mass of 1712.3 Da was found (Fig. 5D) . The relative intensities of 18% for the nonlabeled and 100% for the labeled fraction of the peptide suggested the presence of one methyl group within the peptide. The methyl-D 3 content of the peptide was calculated to be 86 Ϯ 3%. The presence of both modified amino acids in the peptide was confirmed by the molecular mass, which is in agreement with the calculated value. However, neither thioglycine nor S-methylcysteine was detected with Edman degradation chemistry ( Table I) . Whereas the N-terminal tyrosine residue was detected in good yield, detection of the subsequent amino acids failed. This result was explained by the presence of thioglycine in position 2 of the sequence, which is predicted to interfere with Edman degradation.
In addition to the four peptides carrying methylated amino acids, some other peptides containing methionine were identified by their molecular masses and analyzed for their methyl-D 3 content. In these peptides, the methyl-D 3 content also ranged from 80 to 85% (data not shown).
DISCUSSION
The four methylated amino acids in the ␣-subunit of methylcoenzyme M reductase were found to become trideutero-labeled when M. thermoautotrophicum was grown in the presence of L-[methyl-D 3 ]methionine. The methyl-D 3 content was the same as in coenzyme F 430 and in the peptides containing methionine, indicating that the methyl groups in the four modified amino acids were derived exclusively from the methyl group of methionine. Evidence was presented that the methyl group of methi- onine was not converted to methane. The results exclude methyl-coenzyme M as methyl donor.
In coenzyme F 430 (Fig. 3) , the two methyl groups are known to be introduced from methionine via SAM, which is therefore also very likely the methyl donor in the biosynthesis of the methylated amino acids. This proposal agrees with the finding that in the crystal structure of methyl-coenzyme M reductase the 2-methylglutamine and 5-methylarginine are present only in the S-isomeric form. Therefore, introduction of the methyl groups was stereospecific. The finding that 2-methylglutamine is the S-isomer indicates that methylation of glutamine ␣400 proceeded via retention of stereoconfiguration at C-2. This is to be expected for an electrophilic substitution of a proton at C-2 by a methyl group from SAM (10) .
The mcrA gene is predicted to code for an ␣-subunit of methyl-coenzyme M reductase that does not contain modified amino acids (2) . It therefore has to be proposed that the modifications are introduced after translation or during translation. The modifications must, however, be made before quaternary structure formation, since in the native enzyme the modified amino acids are buried deep inside, where they are not accessible to SAM (3) .
Post-translational and co-translational modifications by SAMdependent methylation are not without precedent. They are catalyzed by protein methylases (11) (12) (13) (14) that specifically recognize the amino acid sequences up-and downstream of the amino acid to be methylated. Since the sequences up-and downstream of the four methylated amino acids in the ␣-subunit of methyl-coenzyme M reductase are very different (2) , it has to be concluded that in the post-translational modification four different SAM-dependent protein methylases are involved. This agrees well with the finding that the genome of M. thermoautotrophicum harbors many open reading frames predicted to encode protein methylases (15) .
SAM-dependent methyl transferases have been under investigation for many years (for a review, see Ref. 10 ). All of them appear to have in common that they possess a catalytic domain with a SAM binding site and a second domain with the binding site for the individual methylation target (16, 17) .
The substitution of a hydrogen from a thiol group or from a ring nitrogen of histidine by a methyl group from SAM is chemically not difficult to envisage (10) . The mechanism for the substitution of a hydrogen at C-5 of arginine or of a hydrogen at C-2 of glutamine is less readily apparent. In DNA (cytosine-5)-methyltransferase, it has been shown that a critical cysteine residue is required to increase the nucleophilicity of carbon-5: the addition of the thiol group to carbon-4 increases the nucleophilicity of C-5 in DNA-bound cytosine, allowing a nucleophilic attack onto the methyl carbon of SAM (18) . This kind of activation is not possible for methylation of the C-2 of glutamine or of the C-5 of arginine. However, the neighborhood of a nitrogen may allow an ammonium ylid chemistry; although ammonium ylids are difficult to prepare and less stable than phosphonium or sulfonium ylids, their existence has been demonstrated, and some of the chemical properties of these compounds were studied (for a review, see Refs. 19 and 20) . As do other ylids, the predicted ammonium ylid intermediates of glutamine and arginine are strong nucleophiles that can easily react with electrophilic centers (e.g. in Wittig reaction with carbonyls). As outlined in Fig. 6A , the abstraction of a hydrogen from the ␣-carbon of glutamine might be facilitated by protonation of the N-terminal peptide bond carbonyl oxygen. Mesomeric effects might contribute significantly to a transition state stabilization of the ylid intermediate of glutamine. A similar mesomeric stabilization might be achieved for the deprotonation of C-5 in arginine by the neighbored guanidyl group (Fig. 6B) . Here, the imino function of the guanidyl group may act in a similar fashion as the carbonyl oxygen in the peptide bond of glutamine.
Whereas 5-(S)-methylarginine has, until now, only been observed in methyl-coenzyme M reductase, N-methylated arginines are known to occur in many proteins (11-14, 21, 22) .The consensus amino acid sequence up-and downstream of the N-methylated arginines is not similar to that of the C-methylated arginine in methyl-coenzyme M reductase. This indicates that the protein methylase catalyzing the C-methylation and FIG. 6 . Mechanism proposed for C-methylation of glutamine ␣400 (A) and arginine ␣271 (B). Acids (AH) or bases (A Ϫ ) in the neighborhood of the amino acid to be modified could aid the deprotonation of the C-2 atom of glutamine ␣400 or of the C-5 atom of arginine ␣271. Mesomeric structures of the N-terminal peptide bond of glutamine or of the guanidino group of arginine are predicted to localize a positive charge at the nitrogen next to the carbon atom from which a proton has to be abstracted. The formed carbanion may be stabilized by mesomeric structures. The strong nucleophilic carbanion should easily react with SAM, forming the methylated amino acid and S-adenosylhomocysteine (SAH). It should be noted that the possibility of enolate formation between the peptide carbonyl and C-␣ of glutamine ␣400 also significantly contributes to transition state stabilization, although the formation of this enolate is more difficult. hCys, homocysteine; ado, adenosyl.
the methyltransferases catalyzing the N-methylation of arginine must have different recognition sites.
Nothing is known about the origin of the sulfur in the thiopeptide bond in residue thioglycine ␣445. The closest analogies observed in nature are thiopeptide antibiotics like promoinducine (23) or thiostreptone (24) that are produced by Streptomyces species. Also, C-terminal amino acid sulfurylation is known to occur during the biosynthesis of thiamine (25) and molybdopterin (26) .
An open question remains the structural and/or mechanistic relevance of the methylated amino acids in the active site region of the enzyme. A comparison of the primary structures of the ␣-subunit of methyl-coenzyme M reductase from 12 different methanogens with different growth temperature optima and of different phylogenetic origin reveals that the five amino acids modified in the enzyme from M. thermoautotrophicum are 100% conserved (27, 28) . Preliminary studies of the crystal structure of the enzyme from the mesophilic Methanosarcina barkeri revealed the presence of thioglycine, methylhistidine, methylarginine, and methylcysteine, indicating that these modifications are not restricted to the enzyme from M. thermoautotrophicum.
Atkinson (29) noted that the active methyl in SAM is probably the most expensive group on a per carbon basis. He calculated that "in being reduced and activated to form the methyl group of SAM, a carbon atom from glucose is promoted from an average value of 6.3 [ATP] equivalents (38/6) to a cost of 12 equivalents." It is therefore highly unlikely that nature has evolved the methylation of the four amino acids in methylcoenzyme M reductase without sound reasons.
